Abstract: Dyeable fine polypropylene (PP) fibre has remained a problem for decades. In this paper, blends of PP with P(St-EGDMA)/P(St-MMA-BA-MA) [poly(styrene-ethylene glycol dimethacrylate)/poly(styrene-methyl methacrylatebutyl acrylate-methyl acrylate)] core shell particles, have been used for the preparation of dyeable fine PP fibres. Dyeing experiment showed that the incorporation of the designed core shell particles markedly enhanced the dyeability of fine PP fibres with three distinct disperse dyes and the shades of these dyed fine fibres were deep and bright. Mechanical tensile tests showed that the particles had slight effect on the mechanical properties of fine PP fibres. The designed core shell particles were relatively monodispersed with nanoscale, and were stable during the melt-spinning process. Spinning possibility of the blends and crystallinity and orientation of the dyeable fine PP fibres were also investigated. The possible reasons for the increased depth of shade were proposed.
Introduction
Polypropylene (PP) fibre is a hydrocarbon structure of the lowest specific gravity among the fibre forming polymers. The fibre has good mechanical properties and is resistant to abrasion and most chemicals, which makes it attractive for a large number of textile applications. Good dyeability is essential for widespread commercial acceptance of any textile fibre [1] . However, due to its hydrophobic nature, no-polar site, high crystallinity as well as high stereo-regularity, PP fibre is difficult to dye with the existing classes of dyes. Most of the commercially available PP fibres are coloured by mass pigmentation [2] . Though the process produces deep and stable colours and is economical for long run productions, it is limited by the number of shades available and is not applicable in textile dyeing and printing operations. In recent years, there have been considerable researches on overcoming this problem, among which, graft copolymerization [3] [4] , chemical oxidation treatment [5] and blending [6] [7] [8] [9] [10] [11] [12] [13] [14] are the three common methods to improve the dyeability of PP fibre.
Although modified and dyeable PP fibre is commercially available, the vast majority of PP fibre is not fine fibre [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . While the size of the filament plays a crucial role in determining the physical properties and physiological comfort of the fibres. Fine PP fibre [the fibre fineness is less than 1.3 dtex (1.3 g/10000 m) and the diameter less than 13.6 µm] is an ideal material for pyjamas and sportswear, for its good wicking effect, special performance of wet permeability, good hydrophobic property, fast dry and soft hand. Dyeable, fine PP fibre has remained an unsolved problem for decades. A great amount of research effort have been made in our group in making polypropylene fibre dyeable and fine [15] [16] [17] [18] .
The present work reports a new method for dyeable fine PP fibre, using P(St-EGDMA)/P(St-MMA-BA-MA) core shell particles as modifiers. It was found that the dyeing experiments showed that the incorporation of the designed core shell particles (3-5%, w/w) markedly enhanced the dyeability of polypropylene fibre with CI Disperse Yellow 54, CI Disperse Blue 73 and CI Disperse Red 202 at different dye concentrations. Compared with fine neat PP and PP-PS fibres, CS (the core shell particles modified) drawn fine fibre possessed better wash fastness. Meanwhile the mechanical properties of the fine PP fibres were slightly affected. Different molecular designs and structure designs of core shell particles have been widely studied and used in material science, in the view of the fact that the size, morphology, composite, and shell thickness can be controlled by employing emulsion polymerization techniques [19] [20] . Numerous applications of core shell particles are currently under investigation, among which most efforts focus on the aim to improve the toughness of epoxy resin and engineering plastic [21] [22] [23] . And to our best knowledge, it is the first time dyeable fine PP fibre using P(St-EGDMA)/P(St-MMA-BA-MA) core shell particles as modifiers is demonstrated. In this research, the properties of the designed core shell particles, the blend and modified dyeable fine fibre are also investigated.
Results and discussion

Morphology and thermal stability of the designed core shell particles
At present, more and more interest is focussed on making polypropylene fibre dyeable and fine. In this study, the P(St-EGDMA)/P(St-MMA-BA-MA) core shell particles were used as modifiers to improve the dyeability of fine PP fibre. It is believed that the presence of a second phase in PP matrix can affect the processing conditions of the blend [24] and the particles in the blends must be in the state of agglomeration. The diameter of a 1.3dtex fine PP fibre is about 13.6 µm (specific gravity of PP, 0.9), however 100 nm is less than one percent of it. Therefore particles with an average particle diameter less than 100 nm cannot affect the fibre formation.
The designed P(St-EGDMA)/P(St-MMA-BA-MA) core shell particles latex were successfully synthesized by means of seed emulsion polymerization. Due to the presence of PS and polyacrylate on the shell, the particles would be more compatible with PP matrix and would have polar site to interact with proper disperse dyes. P(St-EGDMA)/P(St-MMA-BA-MA) core shell particles were relatively monodispersed with number-average diameter of 58.19 nm, and with size distribution of 0.1310, as determined by dynamic light scattering (DLS) analysis (Fig. 1) .
TEM observation was carried out to examine the morphology and diameter (D p ) of the particles. As opposed to the fact that the RuO 4 vapour can readily stain PS polymer to a great extent [25] [26] [27] , this staining agent was found to be extremely inactive to P(MMA-BA-MA) polymer. Fig. 2 displays the TEM micrograph of the core shell particles. The PS core which was stained with RuO 4 appeared dark, and the shell materials which had very few PS appeared light. Uniform core shell morphologies and narrow distribution were observed too. Thermal stability of the core shell particles were checked before preparing the CS blends. Fig. 3 presents TGA curve of the core shell particles, showing that 5% weight loss temperature of the particles was up to 400 0 C, which was way over the temperature of melt spinning, indicating that the prepared core shell particles would be stable during the melt-spinning process. 
PP crystal morphology in the blends
The prepared blends with their compositions are listed in Table1. Hereafter, we use the following abbreviations to represent compositions of the blends prepared. Fig . 4 represents the pictures of spherulites taken with a polarized microscope. It can be observed that spherulites shape in the PP-PS (Fig. 4b ) and CS-1 ( Fig. 4c ) systems were very similar to that of the neat PP (Fig. 4a ). There were many visible circular granules in the spherulites and the black cross was affected by the existence of other components. Compared with the PP-PS system ( Fig. 4b) , it was found that the size of the dispersed phase of CS-1 system ( Fig. 4c) was smaller, and the number of the dispersed phase obviously increased. Because of the increased interfaces in CS-1 system, more tunnels and surfaces for disperse dye absorption were formed, which would help the penetration of the dye molecule into the PP fibres and affected the dyeing effect finally. 
Spinning possibility
The nominal melt flow rate (MFR) was investigated to verify the spinning possibility of the blends. Table 1 shows the influence of the prepared core shell particles on the MFR. MFR of CS blends is slightly lower than those of PP-PS blends and neat PP. Although the MFR of CS blends decreased with the increasing of the particles loading (0%-5%), the MFR of CS blends were large enough for melt spinning of fine PP fibre. The fact stated above suggested that the CS fibres obtained by blending polypropylene with 3-5% of prepared core shell particles have equal spinnability to neat PP and PP-PS fibres, while CS blends produced a stable spinning line in the test output range from 220 0 C to 250 0 C like PP and PP/PS blends.
Mechanical properties
Good mechanical properties are important for their practical application. The fibre fineness of all of the drawn fibres were less than 1.3dtex ( Table 2 ), indicating that CS fibre would keep the desired properties of the fine polypropylene, such as wet permeability, good hydrophobic property and fast dry property. The mechanical properties (Table 2) showed no significant differences between neat and modified fine PP fibres which suggested that the incorporation of the prepared core shell particles had a very slight effect on the mechanical properties of the fine fibre. 
Crystallinity and orientation
The degree of crystallinity and orientation of fibres are the two important parameters, which in turn affect the dye uptake. As the degree of crystallinity decreases, the amorphous parts increase, and the dye uptake increases. As the orientation of the composite fibre increases, the dispersing length from the fibre surface to the center becomes longer, and the dye uptake decreases. As expected, the crystallinity decreased with the increasing of the core shell content of the blends. Orientation of all the fibres was almost the same (Table 2) , which is the result of the same drawn ratio. Because of the influence of the orientation and crystallization, apparent calorimetric melting temperature (T m ) was slightly lower than that of the neat PP fibre and slightly higher than that of PP-PS fibre.
Dyeability
Fig . 5 showed the scanned image of the dyed samples. From the scanned image, it can be observed that all the fibre samples could be dyed with three primary colours. Echoed by our early work [15, 16, 18] , the depth of shade of PP/PS composite fibre was higher than neat PP fibre. It was also seen that the incorporation of the designed core shell particles markedly enhanced the depth of shade of PP fibre, which was more pronounced in fibre CS-1 ( Fig. 5 and Table 3 ). Fibre CS-1 exhibited the deepest and brightest shade, as shown in Fig. 5 and Table 3 . Table 3 listed the K/S values of neat and modified fine fibres dyed with different colour of dyes. It was shown in Table 3 that K/S value of fibre CS-1 was 25-40 times of that of neat PP fibre and 2-3 times higher than that of PP-PS fibre, except for the fibres dyed with CI Disperse Yellow 54. In order to clarify the effect of dye concentration on the depth of shade, colour buildup curves were also studied, as shown in Fig. 5 , which were measured as the K/S values with respect to increase the dye concentration in the dye bath. It is seen that the colour build-up curves tend to flatten with the increasing of the dye concentration, which implied that colour build-up on to the modified and neat PP fibres were reaching saturation. However, a comparison between the curves of fibre CS-1 and that of fibre PP-PS revealed that they displayed much greater affinity than neat PP and PP-PS fibres did at the same amount of modifier loading.
The effect of the dye structure on the depth of shade of the fibres CS was also observed (Fig. 5 and Fig. 6 ). When fibre CS-1 was dyed with CI Disperse Blue 73 (an anthraquinone type of dye) or CI Disperse Red 202 (a monoazo type of dye), K/S values for it were significant higher than that of fibre PP-PS and that of neat PP fibre. While with CI Disperse Yellow 54 (a quinoline type of dye), there was an improvement in the K/S values for fibre CS-1 as compared to that of neat PP fibre and that of fibre PP-PS, but the colour yields of fibre CS-1 were not comparable to those fibre CS-1 dyed with CI Disperse Blue 73 and CI Disperse Red 202. Consequently, with properly selecting the dye structure, higher depth of shade for CS-1 fibre can be obtained. The wash fastness of dyed fibres was tested and listed in With the incorporation of core shell particles, we suppose that the greater depth of shade and wash fastness could be explained in the following points:
(1) The decrease of the overall crystallinity in modified polypropylene fibres (Table 3) increased the amorphous region in which the dye has to fix.
(2) As PP has no polar groups in the molecular chain, the main interaction between a dye and PP can be only van der Waals forces [4] [10], which are relatively weak. The C=O groups in the PP fibre provided by the core shell particles can easily form intermolecular hydrogen bonding with the proton supplying groups, such as -OH, -NH 2 , and -NHR, which commonly appear in the dye structure [28] [29] .
(3) The increased interface (Fig. 4) helped the penetration of the dye molecule into the PP fibres and affected the dyeing effect, because of the surface-area-to-volume ratio of core shell nano-particles.
(4) The phenyl structure, existing in the prepared core shell particles can form the π bond with the groups supplying protons, which also helped to increase depth of shade [15] .
Conclusions
The fine PP fibres obtained by blending polypropylene with 3-5% of designed core shell particles have equal spinnability and similar mechanical properties to those of neat PP and those of PP-CS fibres. The dyeing experiments showed that the incorporation of the designed core shell particles (3-5%, w/w) markedly enhanced the dyeability of polypropylene fibre with CI Disperse Yellow 54, CI Disperse Blue 73 and CI Disperse Red 202 at different dye concentrations. Compared with fine neat PP and PP-PS fibres, the CS drawn fine fibre possessed better wash fastness. This increased depth of shade is likely the result of the decrease of the overall crystallinity, and to incorporation of C=O groups in the PP fibre provided by the core shell particles, and the enormous surface-area-to-volume ratio of core shell particles. Therefore the prepared core shell particles were successful candidates for improving the dyeability of fine PP filament.
Experimental part
Materials
Methyl methacrylate (MMA), styrene (St), butyl acrylate (BA), and methyl acrylate (MA) were chemically pure and supplied by Shanghai Chemical Co. and were distilled under reduced pressure before use. Ethylene glycol dimethacrylate (EGDMA) (supplied by Aldrich Chemical Co. USA) was analytical grade and was used as received. Potassium persulphate (KPS), sodium dodecyl sulfate (SDS), and polyooxyethylene octyl phenyl ether (OP), also from Aldrich Chemical Co., were analytical grade thus used without further treatment. The water used throughout all synthesis process was distilled deionized water (DDI).
Special designed isotactic PP for fine fibre was obtained from Donghua University Resin Factory (Shanghai, China). Polystyrene (PS) was synthesized in our laboratory by suspension polymerization [16] .
Preparation of P(St-EGDMA)/P(St-MMA-BA-MA) core shell particle
The designed core shell particles, used in the study were synthesized via two-stage seed emulsion polymerization, which is a well-known technique for preparing composite particles with dimension varying from tens of nanometer to a few microns [30] .
P(St-EGDMA) seed particles were prepared in a 500 ml four-neck flask equipped with a condenser, a mechanical stirrer, an inlet for nitrogen, and an inlet for the monomers. A typical synthesis was carried out in the following manner. Emulsifier (2 g, SDS: OP = 3:1, weight ratio), DDI (130 g) and St (10 g) (containing 0.4% EGDMA) were first charged to the flask and purged with nitrogen for 30 min with the vigorous agitation of 500 rpm to remove the dissolved oxygen. Then, the agitation aped was reduced to 200 rpm and KSP (0.2 g) was added. After the exothermic reaction was completed, the temperature was maintained at 60 0 C for 15 min and then gradually raised to 75 
Preparation of the blends
For the core shell particles, the latex obtained was freeze-dried to remove water. PP was mixed with the core shell particles from 2% to 5% (w/w). PP pellets and the prepared core shell particles were mixed in a double arm kneading mixer at 90 0 C for 1 h, then were mixed and melted in a SHL-35 twin-screw extruder at 220 0 C -250 0 C, immediately quenched in water, and then cut into granules. Also, PP pellets with 5% (w/w) PS were subjected to the same mixing treatment. The resultant blend chips were vacuum-dried at 100 0 C for 8 h before being spun.
Fibre formation
The melt spinning of the PP, PP-PS and CS chips were carried out with a Fujifilter MST C400 melt-spinning machine with take-up speeds of 400 m/min. The spinneret had 28 holes (length/diameter=2, diameter=1mm). Then the as-spun fibres were drawn 3.6 times using a drawn-winder machine. The hot roller and the winding roller were 70 0 C and 100 0 C, respectively. Fibre fineness less than 1.3 dtex was obtained and used in the experiment.
Dyeing and colour estimation
Silvatol as a deoiling agent was commercial grade and acquired from Ciba Co., Lts. (Basel, Switzerland). The following commercial disperse dyes, which could be mployed for poly (ethylene terephthalate) (PET) fibres, were used: CI Disperse Yellow 54 (a quinoline type of dye), CI Disperse Blue 73 (an anthraquinone type of dye) and CI Disperse Red 202 (a monoazo type of dye) (commercial grades, from Clariant Chemical (China) Ltd). Ammonium dihydrogen phosphate was from Merck. Other agents used were dispersing agent (Irgasol DAM, Ciba) and levelling agent (TRYFAC 5553(610-K), Irgasol).
The prepared modified and neat PP fibres were scoured before dyeing at 80 All of the dyed samples were parallel tested. The sample preparation for K/S measurement of fibre samples were the fibre in bundle prior to mounting onto the reflectance port. The depth of shade on the filaments (K/S value, where K is the absorption coefficient, S is the scattering coefficient) was measured with Datacolor600 plus. The K/S value was calculated with the Kubelka-Munk formula:
where R is the reflectance at maximum absorption wavelength.
The estimation of the wash fastness was measured according to ISO 105-C6-1994.
Characterization and testing procedures
Determination of the particle size and size distribution of the prepared particles were determined by dynamic light scattering (DLS) using a Malvern Zetasizer nano-zs. All measurements were carried out at 25 0 C at a fixed angle of 90 0 on highly diluted emulsion solution.
The morphology and diameter (D p ) of the core shell particles were studied by JEM-100CXII transmission electron microscopy (TEM). The particles latex were carefully collected on a carbon-coated micro grid, dried in open air, and exposed to RuO 4 vapor for 3 h at 25 0 C, then were viewed to study the morphology and D p on TEM. Crystallinity=ΔH f /ΔH (2) where ΔH (209.0J/g) is the melting enthalpy of 100% crystallinity iPP [9] .
The orientation of the fibres was measured with the sonic velocity method with an SOM-2 sonic speed orientation tester at a frequency of 10 kHz, according to Huang Xin [16] .
The mechanical properties of drawn fibres were done by AGS-500 universal materials testing machine. Test conditions were as follows: temperature, 25 0 C; guage length, 200 mm; and the elongation rate, 200 mm/min. All the data were the mean and standard deviation of 10 determinations.
